Glycogen synthase kinase-3 (GSK-3) is expressed as two isozymes ␣ and ␤. They share high similarity in their catalytic domains but differ in their N-and C-terminal regions, with GSK-3␣ having an extended glycine-rich N terminus. Here, we undertook live cell imaging combined with molecular and bioinformatic studies to understand the distinct functions of the GSK-3 isozymes focusing on GSK-3␣ N-terminal region. We found that unlike GSK-3␤, which shuttles between the nucleus and cytoplasm, GSK-3␣ was excluded from the nucleus. Deletion of the N-terminal region of GSK-3␣ resulted in nuclear localization, and treatment with leptomycin B resulted in GSK-3␣ accumulation in the nucleus. GSK-3␣ rapidly accumulated in the nucleus in response to calcium or serum deprivation, and accumulation was strongly inhibited by the calpain inhibitor calpeptin. This nuclear accumulation was not mediated by cleavage of the N-terminal region or phosphorylation of GSK-3␣. Rather, we show that calcium-induced GSK-3␣ nuclear accumulation was governed by GSK-3␣ binding with as yet unknown calpain-sensitive protein or proteins; this binding was mediated by the N-terminal region. Bioinformatic and experimental analyses indicated that nuclear exclusion of GSK-3␣ was likely an exclusive characteristic of mammalian GSK-3␣. Finally, we show that nuclear localization of GSK-3␣ reduced the nuclear pool of ␤-catenin and its target cyclin D1. Taken together, these data suggest that the N-terminal region of GSK-3␣ is responsible for its nuclear exclusion and that binding with a calcium/calpain-sensitive product enables GSK-3␣ nuclear retention. We further uncovered a novel link between calcium and nuclear GSK-3␣-mediated inhibition of the canonical Wnt/␤-catenin pathway.
Glycogen synthase kinase-3 (GSK-3) 5 is a highly conserved serine/threonine kinase that is ubiquitously distributed in eukaryotes. GSK-3 is a constitutively active enzyme that modulates diverse cellular functions, including metabolism, development, cell survival, and mood behavior (1) (2) (3) . Activated GSK-3 phosphorylates numerous substrates in various cell compartments, and deregulation of its activity has been implicated in the pathogenesis of human diseases such as type 2 diabetes and certain neurodegenerative and psychiatric disorders (4 -10) . GSK-3 has thus become an important target for drug discovery and its cellular regulation is of major interest.
Mammalian GSK-3 exists in two distinct isoforms, ␣ and ␤, each encoded by separate genes that share 98% sequence identity in their catalytic domains and 84% identity overall (11) . The specific roles of the two GSK-3 isoforms are not yet fully understood, although it appears that they are not functionally identical as initially described (12) . The GSK-3 isoforms share both common and distinct biological activities. For example, whereas GSK-3␣-knock-out mice are viable and fertile, disruption of GSK-3␤ is lethal at an early embryonic stage (13, 14) . Mice lacking GSK-3␣ display improved glucose tolerance and increased glycogen synthesis compared with tissue-specific GSK-3␤ knock-outs (14, 15) . GSK-3␣ has been shown to regulate amyloidogenic processing of Alzheimer amyloid precursor protein (16) . GSK-3␣ and ␤ also have distinct functions in cardiac cell differentiation and proliferation (17, 18) and have opposite effects on certain transcription factors (19) . In some cases, however, the isoforms show redundant activity; for example, the isoforms have similar effects on phosphorylation and destabilization of ␤-catenin (20) and regulation of axonal growth (21, 22) . In a different study GSK-3 isoforms were shown to be subjected to N-terminal cleavage by the calciumdependent cysteine protease calpain (23) . Calpains are a large family of calcium-dependent intracellular proteases that play integral regulatory roles in various signaling pathways (for review, see Ref. 24) . Aberrant activation of calpains is observed in a variety of pathological conditions (25) (26) (27) . Calcium/calpain signaling was shown to regulate ␤-catenin (28 -30), a multifunctional protein serving both as a structural component and a signaling component of the Wnt signaling pathway (31, 32) . Phosphorylation of ␤-catenin by GSK-3 enhances its proteosomal degradation and reduces its transcriptional activity (33) (34) (35) . The signaling networks linking calpains and GSK-3 with the canonical Wnt/␤-catenin pathway have not been elucidated.
The molecular basis for the distinct functions of GSK-3 isoforms is largely unknown. Despite significant homology, GSK-3 isoforms do differ significantly in their N and C termini. GSK-3␣, which is the larger protein, has an extended glycine-rich N-terminal region (11) that is thought to function as a pseudosubstrate (36) . We hypothesized that the N-terminal domain of GSK-3␣ might contribute to localization, targeting, and protein-protein interactions unique to this isoform. Here, we undertook live cell imaging combined with molecular and bioinformatics studies to uncover the role of the N terminus of GSK-3␣.
EXPERIMENTAL PROCEDURES
Materials-Anti-GSK-3␣ and anti-cyclin D1 antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA); anti-phosphoserine 21-GSK-3␣ and anti-GFP antibodies were from Cell Signaling Technologies (Beverly, MA). Anti-GSK-3␤ and anti-␤-catenin antibodies were from Transduction Laboratories (Franklin Lakes, NJ). ABC antibody was from Millipore (Billerica, MA). Ionomycin, calpeptin, and MG132 were from Calbiochem. The cDNA encoding GSK-3␣ in an pMT2 vector was kindly provided by Dr. J. Woodgett (Samuel Lunenfeld Research Institute, Toronto, ON, Canada), and the cDNA GFPtagged ␥-tubulin was a gift from Dr. Q. Gao (Northwestern University, Evanston, IL). All other reagents were from Sigma.
Plasmids-GSK-3␣ cDNA was generated by PCR from plasmid pMT2-GSK-3␣ and subcloned into the vector pEGFP-N1 (Invitrogen) at EcoRI and BamHI sites. GSK-3␤ was subcloned into pEGFP-N1 at the KpnI and SmaI sites. ⌬N-GSK-3␣-GFP (the kinase lacking the first 63 amino acids) was generated by PCR from the pMT2 plasmid, and the GSK-3␣ cDNA fragment was digested with EcoRI and BamHI and subcloned into pEGFP-N1. NЈ-GSK-3␣-GFP (coding for amino acids 1-63 of GSK-3␣) was generated by PCR. The PCR fragment was digested with EcoRI and XhoI and subcloned into vector pEGFP-N2 (Invitrogen). GSK-3␣-mCherry was generated by digesting GSK-3␣ from GSK-3␣-pEGFP-N1 with EcoRI and BamHI and subcloning into plasmid mCherry-N1 (Invitrogen). Danio rerio GSK-3␣ was generated by PCR using GSK-3␣-pCMV SPORT 6.1 (Open Biosystems, Huntsville, AL) as the template. The PCR product was digested with XhoI and EcoRI and subcloned into pEGFP-N2. All new constructs were sequenced. Sequences of primers used are available from the authors upon request.
Cell Culture and Transfections-COS-7 cells (African green monkey) (37) were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS), 5 mg/ml glutamine, and 1% streptomycin in a 37°C humidified 5% CO 2 incubator. The cells were transiently transfected with the indicated constructs (2-7 g) using FuGENE6 (Roche Applied Science) according to the manufacturer's protocol. Cells were imaged 24 h after transfection. Cells were harvested for Western blot analysis 24 or 48 h after transfection.
Cell Extraction and Subcellular Fractionation-Cells were collected and lysed in ice-cold buffer G (20 mM Tris, pH 7.5, 10 mM ␤-glycerophosphate, 10% glycerol, 1 mM EGTA, 1 mM EDTA, 50 mM NaF, 5 mM sodium pyrophosphate, 0.5 mM orthovanadate, 1 mM benzamidine, 5 g/ml leupeptin, 25 g/ml aprotinin, 5 g/ml pepstatin, and 0.5% Triton X-100). Cell extracts were centrifuged at 1,000 ϫ g for 10 min to obtain the cytosolic fraction. The pellet containing the nuclei was washed three times with ice-cold buffer H (150 mM ␤-glycerophosphate, pH 7.3, 50% glycerol, 5 mM EGTA, 5 mM EDTA, 40 mM NaF, 25 mM sodium pyrophosphate, 25 g/ml leupeptin, 25 g/ml aprotinin, 1 mM DTT, and 0.1% Triton X-100) and sonicated using an X2 Ultrasonic processor (Misonix, Farmingdale, NY). Protein concentration of the cytosolic fraction was determined by Bradford assay. Equal amounts of protein (30 -50 g) were subjected to gel electrophoresis (10% polyacrylamide), transferred to nitrocellulose membranes, and immunoblotted with the indicated antibodies.
Live Cell Microscopy Analysis-Fluorescent images were obtained by confocal laser scanning microscopy (LSM model PASCAL or 510 META with an Axiovert 200 microscope; Carl Zeiss MicroImaging). Fluorescence emissions resulting from excitations of 488 nm for GFP and 543 nm for mCherry or DiHcRED were detected using filter sets supplied by the manufacturer. Throughout the procedure, cells were imaged in DMEM lacking phenol red, in buffer including 20 mM HEPES, pH 7.4, and kept at 37°C on the microscope stage using an electronic temperature-controlled airstream incubator. Transfection and imaging were carried out in Labtek chambers (Nunc, Naperville, IL). The confocal and time-lapse images were captured using a Plan-Apochromat 63 NA 1.4 objective (Carl Zeiss MicroImaging). Images and movies were generated and analyzed using the Zeiss LSM software and National Institutes of Health Image and ImageJ software. In addition, the autofocusing function integrated into the "advanced time series" macro set (Carl Zeiss MicroImaging) was used. Photobleaching of GSK-3␤-GFP was performed using 5-20 scans with the 488-or 543-nm laser lines at full power in a rectangular region in the nucleus. Pre-and post-bleach images were captured using low laser intensity. Fluorescence recovery in the bleached region during the time series was quantified using LSM software (Carl Zeiss MicroImaging). For figure preparation, images were processed with Photoshop (Adobe, San Jose, CA) using brightness, contrast, and gamma corrections to accommodate the 12-to 8-bit transition of the digital files.
Bioinformatics Analysis-Sequence searches were performed in the NCBI databases using the BLAST programs (38) , and identified GSK-3 sequences were aligned to each other using BLASTp, MEME (39) , and GLAM-2 (40) programs. Sequence logos were created as described previously (41) .
Primary Neuron Cultures and Immunofluorescence StainingPrimary hippocampal cultures were prepared from embryonic day 18 rat brains as described previously (42) . Cells were plated on coverslips coated with poly-L-lysine (30 g/ml; Sigma) and laminin (2 g/ml; Roche Applied Science) at densities of 500 and 1,250 cells/mm 2 for hippocampal and cortical neurons, respectively. Neuronal cultures were grown in Neurobasal medium (Invitrogen) supplemented with B27 (Invitrogen), 0.5 mM glutamine, 12.5 M glutamate, and penicillin/streptomycin mix (Sigma). On day 21 of in vitro culture, neurons were treated with 5 M ionomycin (Calbiochem), 2 M thapsigargin (Sigma), or KCl to induce an increase in intracellular calcium ion levels. Ionomycin and thapsigargin were applied to cells in buffer con-taining 20 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM MgCl 2 , 2.7 mM KCl, 25 mM glucose, 1 mM Na 2 HPO 4 , 2% bovine serum albumin (BSA) for 30 and 45 min, respectively. For KCl stimulation, neurons were first incubated for 5 min in low KCl buffer (5 mM KCl, 20 mM HEPES, pH 7.4, 150 mM NaCl, 15 mM MgCl 2 , 1.5 mM CaCl 2 , 30 mM glucose), then transferred to high KCl concentration (same conditions except for 90 mM KCl) for 1 min, and finally returned to low KCl for 30 s. This treatment was followed by two additional cycles of high and low KCl exposure. Cells were then washed with Neurobasal medium and incubated in conditioned medium for 30 min.
For immunofluorescent staining, neurons were fixed with 4% paraformaldehyde containing 4% sucrose in PBS for 10 min at room temperature. After fixation, cells were washed three times with PBS for 5 min at room temperature and incubated with primary mouse anti-GSK-3␣ antibody in GDB buffer (0.2% gelatin, 0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, pH 7.4) overnight at 4°C. Cells were then washed three times in PBS for 10 min at room temperature. Secondary Alexa Fluor 488-conjugated antibody (Invitrogen) was applied in GDB buffer for 1 h at room temperature. Cells were then washed three times with PBS for 10 min each. Nuclei were counterstained with Hoechst 33258 stain (bisbenzimide; Sigma). Confocal images of cells were obtained with sequential acquisition settings at the maximal 1,024 ϫ 1,024 pixel resolution of the Zeiss LSM 5 Exciter microscope. Each image was a z-series of images, each averaged two times.
Statistical Analysis-Data were analyzed with Origin Professional 6.0 software using Student's t test to analyze densitometry data. Data were considered significant at p Ͻ 0.05.
RESULTS

GSK-3␣/␤ Isoforms Show Distinct Cellular Distributions-
Because the catalytic domains of GSK-3␣ and GSK-3␤ are very similar, we hypothesized that their different functions might be associated with distinct subcellular localization (under either basal or stimulated conditions). GSK-3␣ and ␤ constructs tagged with GFP at their C termini (termed GSK-3␣/␤-GFP) were used to determine cellular localization. COS-7 cells were transiently co-transfected with GSK-3␣-GFP and GSK-3␤-GFP plasmids together with the pmCherry-N1 vector, which served as a control. Live cells were imaged by confocal microscopy. GSK-3␣-GFP was found in the cytoplasm and was excluded from the cell nucleus, as shown in representative images (Fig. 1A, upper panel) . In contrast, GSK-3␤-GFP (Fig.  1A , lower panel) was observed in both the cytoplasm and the nucleus. Cells expressing the GSK-3-GFP isoforms were subjected to cytoplasmic/nuclear subcellular fractionation, and fractions were immunoblotted and probed with GFP antibody. Consistent with the cell imaging results, GSK-3␤-GFP was detected in both the nuclear and cytoplasmic fractions, whereas GSK-3␣-GFP was found primarily in the cytoplasmic fraction (Fig. 1B) . Using anti-GSK-3␣ antibody or DiHcRED-tagged histone (37) for nuclear localization in a cell imaging study gave comparable results (Figs. 2A and 4A and supplemental Fig.  S1A ). Analysis of expression patterns of endogenous GSK-3 proteins in COS-7, epithelial HT29, and SH-SH5Y neuroblastoma cell lines gave corroborating results (Fig. 1C) . Fluorescence recovery after photobleaching was applied to study the transport of GSK-3␤-GFP between the cytosol and the nucleus. A region of interest within the nuclei of cells expressing GSK-3␤-GFP was photobleached, and the recovery of fluorescence representing the exchange between cytosol and nucleus confirmed that GSK-3␤ shuttles between the two (Fig. S1B) .
We next determined whether GSK-3 isoforms were differentially associated with cytoplasmic compartments or organelle membranes. COS-7 cells were co-transfected with GSK-3␣-GFP or GSK-3␤-GFP plasmids together with mCherry-tagged constructs expressing protein "markers " for the endoplasmic reticulum (VSVG-⌬tm), Golgi (GalT), and plasma membranes (PM, VSVG) (37) . In addition, GSK-3␣ tagged with mCherry protein (GSK-3␣-mCherry) was co-expressed with GFP-tagged ␥-tubulin (a centriole marker). The distribution of GSK-3␣-GFP in the cytoplasm did not exhibit patterns or shapes identical to those observed for endoplasmic reticulum, Golgi, or cell surface membrane markers (Fig. 1D) . On the other hand, GSK-3␣-mCherry signal overlapped with the ␥-tubulin-GFP marker for perinuclear centrioles (Fig. 1D, bottom panel) . This localization was verified by z-section analysis (supplemental Fig. S1C) . A similar distribution pattern was observed for the cytosolic fraction of GSK-3␤-GFP. 6 
Deletion of the N Terminus of GSK-3␣ Results in Nuclear
Localization-We next examined whether cytoplasmic retention of GSK-3␣ is controlled by its extended glycine-rich N-terminal domain. Two GSK-3␣ mutants were generated ( Fig. 2A) . Approximately half of the N-terminal domain, the first 63 amino acids, was deleted from the GFP-tagged or nontagged GSK-3␣ constructs yielding a protein comparable in length to that of GSK-3␤; these constructs are termed ⌬N-GSK-3␣. The second mutant encoded the first 63 amino acids of the N-terminal domain (termed here NЈ-GSK-3␣-GFP). Both constructs were expressed in COS-7 cells together with DiHcRED-histone, and living cells were imaged by confocal microscopy. Unlike the "full-length " GSK-3␣-GFP, ⌬N-GSK-3␣-GFP was localized in the nucleus (Fig. 2B) , whereas the NЈ-GSK-3␣-GFP fragment was distributed diffusely throughout the cells (Fig. 2B) . Subcellular fractionation of cells expressing ⌬N-GSK-3␣-GFP, ⌬N-GSK-3␣, and NЈ-GSK-3␣-GFP gave results consistent with the microscopy data (Fig. 2C) . Hence, the N-terminal region controls GSK-3␣ nuclear localization.
We next examined whether the N-terminal region prevents GSK-3␣ entry into the nucleus. The cells were treated with leptomycin B, a specific inhibitor of the CRM1/exporting nuclear export system. This resulted in nuclear accumulation of GSK-3␣-GFP (Fig. 2D) , indicating that GSK-3␣-GFP has the ability to enter the nucleus. Taken together, we concluded that once in the nucleus GSK-3␣ is rapidly transported out. This transport appears to be facilitated by the N-terminal region. Table S1 ) showed significant variability; in mammals, however, this region was highly conserved (Fig. 3A) . This raised the possibility that the observed cytoplasmic retention was specific to mammalian GSK-3␣ proteins. We therefore examined the cellular distribution of zebrafish GSK-3␣. This protein has the extended N terminus of the GSK-3␣ isoforms typical of mammals, but has significant sequence differences (43) as shown in Fig. 3B . A zebrafish GSK-3␣-GFP (ZGSK-3␣-GFP) construct was generated and expressed in COS-7 cells. As shown in Fig. 3C , ZGSK-3␣-GFP was detected in both the cytoplasm and the nucleus. Although not definitive, the experimental results with the zebrafish construct and the uniqueness of the N-terminal regions of all known mammalian GSK-3␣ proteins relative to GSK-3␣ N-terminal domains from other species suggest that mammalian GSK-3␣ isoforms are unique with respect to cellular localization.
GSK-3␣ N-terminal Region Is Highly Conserved in MammalsBioinformatic analyses of the N-terminal regions of all known GSK-3␣ family proteins (supplemental
Calpain Activation by Calcium Addition or Serum Deprivation Triggers Nuclear Accumulation of GSK-3␣-Although our data indicated that GSK-3␣ was excluded from the cell nucleus, we hypothesized that it might accumulate in the nucleus after certain stimuli. Indeed, we found that treatment with calcium (1-5 mM) or a combination of calcium and the calcium ionophore ionomycin resulted in rapid nuclear accumulation of GSK-3␣-GFP (Fig. 4A and supplemental Movie S1). This effect peaked between 30 and 60 min after calcium addition and was observed in most of the evaluated cells. The calpain inhibitor calpeptin strongly blocked this effect (Fig. 4A) , suggesting that calpain-mediated protein proteolysis is essential for GSK-3␣ nuclear translocation. A similar rapid nuclear accumulation of GSK-3␣-GFP was observed following serum deprivation (Fig.   FIGURE 1 . Intracellular distribution of GSK-3␣ and GSK-3␤. A, COS-7 cells were transiently co-transfected with GSK-3␣-GFP or GSK-3␤-GFP constructs together with pmCherry-N1 vector, and live cells were imaged by confocal microscopy. Fluorescence of mCherry (red) and GFP (green), and the merged images are shown. Scale bars, 5 m. B, COS-7 cells were transfected with GSK-3␣-GFP or GSK-3␤-GFP, and cells were then fractionated into nuclear (N) and cytosolic (C) fractions as described under "Experimental Procedures." Proteins were separated by gel electrophoresis and immunoblotted with anti-GFP or anti-GSK-3␤ antibody (upper panel). Nuclear and cytosolic fractions were verified, respectively, by lamin B (nuclear marker) and ␣-tubulin (cytosolic marker) localization as indicated in the lower panel. NT, nontransfected; T, transfected. C, endogenous GSK-3␣ was detected in cytoplasmic and nuclear fractions prepared from COS-7, HT29, and SH-SY5Y cells. D, COS-7 cells were transiently co-transfected with GSK-3␣-GFP and mCherry-tagged constructs expressing protein markers for endoplasmic reticulum (ER; VSVG-⌬TM8), Golgi (GalT), and plasma membrane (PM; VSVG). Live cells were imaged by confocal microscopy. Bottom panel shows GSK-3␣mCherry (red) co-expressed with the centriole marker ␥-tubulin-GFP (green); arrows point to the centriole in the bottom panel. Scale bars, 10 m. 4B), which might explain previous reports of nucleus-localized GSK-3␣ in serum-starved cells (44) . Interestingly, serum starvation or calcium treatment did not abolish the localization of GSK-3␣-GFP in the centrioles (supplemental Fig. S1D ).
It has been suggested that calpain cleaves the N terminus from GSK-3 (23). We thus speculated that N-terminal truncation of GSK-3␣ is the likely mechanism for calcium-induced GSK-3␣ accumulation into the nucleus. However, we were unable to detect GSK-3␣-GFP fragmentation in calciumtreated (Fig. 4E, first 3 lanes) or serum-starved cells (supplemental Fig. S2 ). This could be because the deletion from the N terminus was small and, therefore, not detectable by Western blot analysis. Alternatively, it is possible that GSK-3␣ fragments are unstable and rapidly degraded. To address these two possibilities, a GSK-3␣ construct was generated in which GFP was fused to the N terminus (GFP-GSK-3␣). Consistent with our previous results, GFP-GSK-3␣ was observed in the cytoplasm under basal conditions but was localized to the nucleus when calcium was added to the medium (Fig. 4C) . Cell fractionation and immunoblot analysis using an anti-GFP antibody confirmed that full-length GSK-3␣-GFP (and not a truncated form as GFP signal remained) was translocated into the nucleus (Fig.  4D) . No GSK-3␣ fragments were detected in immunoblot analyses using either anti-GSK-3␣ or anti-GFP antibody (Fig. 4, D and E, respectively); if this protein were cleaved, we would expect to see an ϳ55-kDa band. In addition, we examined whether endogenous or overexpressed GSK-3␣ were affected by calcium or serum starvation in SH-SY5Y neuroblastoma cells. In these experiments, truncation of GSK-3␣ was not detected (supplemental Fig. S2 ).
To address further the possibility that GSK-3␣ fragments are unstable, cells were treated with the proteasome inhibitor MG132 prior to the addition of calcium. No GSK-3␣-GFP fragments were detected under these conditions (Fig. 4F) . Furthermore, ⌬N-GSK-3␣-GFP was not degraded after calcium treatment, indicating that this fragment is stable (Fig. 4G) . Thus, truncation of GSK-3␣ does not appear to be the mechanism responsible for its nuclear accumulation under these conditions. Finally, we demonstrated that Ca 2ϩ -dependent (endogenous) GSK-3␣ accumulation in the nucleus was observed in primary hippocampal neurons. Upon treatment with various agents, including ionomycin, thapsigargin, and KCl, all known to induce increased intracellular levels of Ca 2ϩ , GSK-3␣ was accumulated in the nucleus in this physiologically relevant system (Fig. 4H) . A similar effect was observed in serum-starved neurons (supplemental Fig. S3) .
N terminus Is Required for Calpain-mediated GSK-3␣ Accumulation in the Nucleus-We next examined possible mechanisms that may be responsible for GSK-3␣ nuclear localization. Because GSK-3␣ nuclear accumulation was not mediated by proteolysis (Fig. 4) , we considered the possibility that GSK-3␣ binding with a calcium/calpain-dependent product governs it nuclear accumulation. If this hypothesis is correct, it should be possible to saturate these interactions by overexpressing either GSK-3␣ or the N-terminal region (if this region is required for such interactions). GSK-3␣-GFP was co-expressed with GSK-
FIGURE 2. Deletion of the N-terminal region of GSK-3␣ results in nuclear localization. A, schematic presentation of GSK-3␣ constructs. B, COS-7 cells transiently co-transfected with GSK-3␣-GFP, ⌬N-GSK-3␣-GFP, or NЈ-GSK-3␣-GFP constructs together with DiHcRed-histone plasmid. Live cells were imaged by confocal microscopy. Fluorescence of DiHcRed, GFP, and the merged images is shown. C, cells transfected with ⌬N-GSK-3␣-GFP, nontagged ⌬N-GSK-3␣, and NЈ-GSK-3␣-GFP. Cells were separated into nuclear (N) and cytosolic (C) fractions as described under "Experimental Procedures." Fractions were separated by gel electrophoresis and immunoblotted with anti-GFP or anti-GSK-3␣ antibody (for ⌬N-GSK-3␣, lower panel) as indicated. NT, nontransfected; T, transfected. Scale bars, 10 m. D, COS-7 cells transfected with GSK-3␣-GFP and treated with 20 nM leptomycin B for 2 h. Live cells were imaged by confocal microscopy. GFP fluorescence is shown.
3␣, and in addition, GSK-3␣-mCherry was co-expressed with NЈ-GSK-3␣-GFP. When cells were treated with calcium, the GFP or mCherry signal was not detected in the nucleus, indicating that nuclear accumulation of GSK-3␣-GFP or GSK-3␣-mCherry was blocked by overexpression of GSK-3␣ or its N-terminal domain, respectively (Fig. 5A) . On the other hand, overexpression of ⌬N-GSK-3␣-GFP did not prevent calciuminduced GSK-3␣-mCherry accumulation in the nucleus (Fig.  5A) . These results supported our hypothesis that calcium-induced GSK-3␣ nuclear accumulation is mediated by GSK-3␣ binding with a (as yet unknown) calpain-sensitive product and that this binding is mediated by the N-terminal region. This generated complex likely "masks " the nuclear exclusion influence of the N-terminal region.
Phosphorylation of protein kinases is known to regulate their cellular distribution and their import/export from the nucleus (45) (46) (47) (48) . Phosphorylation of GSK-3␣ at serine 21, located within its N-terminal region, inhibits its kinase activity via its ability to function as a pseudosubstrate (49, 50) . However, treatment of cells with okadaic acid, which enhanced serine 21 phosphorylation, did not promote GSK-3␣-GFP or endogenous GSK-3␣ nuclear localization under basal conditions or after treatment with calcium (Fig. 5B) . Hence, the "closed " conformational imposed by autophosphorylation (at Ser-21) does not contribute to GSK-3␣ nuclear localization. Similarly, phosphorylation at tyrosine 279, which enhances its catalytic activity (51), did not promote of GSK-3␣-GFP or endogenous GSK-3␣ nuclear localization as judged by treating with sodium orthovanadate, a "general " tyrosine phosphatase (Fig. 5C) .
The results with leptomycin B indicated that GSK-3␣-GFP can enter the nucleus (Fig. 2D) . Still, we wanted to verify that GSK-3␣ cytoplasmic retention was not governed by immobilization (i.e. binding to cytoplasmic anchors). If this were the mechanism, saturation with GSK-3␣ should compete with binding in the cytoplasm, and the "free " nonbound GSK-3␣ should be localized in the nucleus. COS-7 cells were transfected with increasing doses of GSK-3␣-GFP plasmid. Overexpression of GSK-3␣-GFP did not influence its cytoplasmic localization (Fig. 5D) . Hence, we verified that GSK-3␣-GFP cytoplasmic retention is not governed by cytoplasm anchors. Certainly, this does not refute the possibility that a certain fraction of GSK-3␣/GSK-3␣-GFP is bound to cytoplasmic proteins.
GSK-3␣ Down-regulates Nuclear ␤-Catenin Levels and Its Target Cyclin D1-Once in the nucleus, GSK-3␣ may activate multiple nuclear events, including phosphorylation, transcriptional activity, and protein export. ␤-Catenin is a key effector of the Wnt signaling pathway (31, 32) and a known substrate of GSK-3. Its phosphorylation by GSK-3 enhances its proteosomal degradation (33, 35, 52) . We thus examined whether nuclear GSK-3␣ regulates nuclear ␤-catenin. We first expressed ⌬N-GSK-3␣-GFP, which is localized in the nucleus (Fig. 2) , in COS-7 cells and evaluated ␤-catenin levels and its phosphorylation status in the nucleus. Expression of ⌬N-GSK-3␣-GFP significantly decreased nuclear ␤-catenin levels (Fig.   FIGURE 3 . N-terminal region of mammalian GSK-3␣ is highly conserved. A, multiple sequence alignment of the N-terminal regions of the GSK-3␣ family (top) or mammalian GSK-3␣ (bottom) presented as sequence logos (41) . B, sequence alignment of N-terminal regions of zebrafish GSK-3␣ and human GSK-3␣. C, COS-7 cells transiently co-transfected with zebrafish GSK-3␣-GFP and DiHcRED-histone plasmids. Live cells were imaged by confocal microscopy as described. Fluorescence of DiHcRED, GFP, and merged images are shown. Scale bar, 10 m. 6A). We showed that this reduction was in the "active " nonphosphorylated form of ␤-catenin using the ABC antibody (29) (Fig. 6A) . Reduction in ␤-catenin was accompanied by a significant reduction in the expression levels if target cyclin D1 (53, 54) (Fig. 6A) , indicating inhibition in ␤-catenin transcriptional activity.
We then evaluated the effect of calcium and GSK-3␣ on nuclear ␤-catenin. COS-7 cells were transfected with GSK-3␣-GFP and then treated with calcium for 1 h to allow nuclear localization of GSK-3␣-GFP. Reduction in nuclear ␤-catenin levels and its nonphosphorylated form was observed in the GSK-3␣-GFP-expressing cells that were treated with calcium (Fig. 6B) . In addition, overexpression of GSK-3␣-GFP reduced cyclin D1 levels in calcium-treated cells (Fig. 6B) . Notably, there was a small but a significant elevation in cyclin D1 levels after calcium treatment (Fig. 6B) . It is possible that elevation in cyclin D1 resulted from calpain-mediated generation of N-terminaltruncated active forms of ␤-catenin with potent transcriptional activity (55) . In the cytoplasm, overexpression of GSK-3␣-GFP did not reduce ␤-catenin levels in response to calcium, indicating that phosphorylation of ␤-catenin is likely initiated in the nucleus (Fig. 6C) . Similar results were obtained with nontagged GSK-3␣ (data not shown). Finally, we showed that although overexpression of GSK-3␤-GFP reduced nuclear levels of FIGURE 4. Calpain mediates GSK-3␣ nuclear accumulation. A, COS-7 cells co-transfected with GSK-3␣-GFP and DiHcRED-histone plasmids were treated with 2 mM calcium or a combination of 2 mM calcium and 2 M ionomycin. Alternatively, cells were pretreated with 50 M calpeptin prior to calcium addition. Live cells were imaged by confocal microscopy 30 min after treatment. Fluorescence of DiHcRED and GFP and merged images are shown. Scale bars, 10 m. B, COS-7 cells co-transfected with GSK-3␣-GFP and DiHcRED-histone plasmids were serum-deprived (0.1% FCS) for 30 min. Live cells were imaged by confocal microscopy. Fluorescence of DiHcRED and GFP and merged images are shown. C, images are as in A except that GFP-GSK-3␣ construct was used and cells were treated with 2 mM calcium. D, COS-7 cells transfected with GFP-GSK-3␣ were treated with 2 mM calcium for 30 min. Cells were separated into nuclear (N) and cytosolic (C) fractions as described under "Experimental Procedures," and proteins were separated by gel electrophoresis followed by immunoblot analysis using anti-GFP antibody. The presence of GFP-GSK-3␣ protein in the nucleus indicates that full-length GSK-3␣ was translocated into the nucleus. No fragmentation of GFP-GSK-␣ was detected. E, COS-7 cells transfected with GSK-3␣-GFP or GFP-GSK-3␣ constructs were treated with 2 mM calcium for 1 h. Proteins were subjected to gel electrophoresis followed by immunoblot analysis using anti-GSK-3␣ antibody as indicated. No GSK-3␣ fragmentation was detected. Endogenous GSK-3␣ is indicated. NT, nontransfected. F, COS-7 cells transfected with GSK-3␣-GFP were pretreated with 30 M MG132 5 h prior to the addition of 2 mM calcium. After 30 min, cells were lysed, and proteins were subjected to gel electrophoresis followed by immunoblot analysis using anti-GSK-3␣ antibody. No accumulation of GSK-3␣ fragments was detected. Endogenous GSK-3␣ is indicated. G, image is the same as in E except that cells were transfected with ⌬⌵-GSK-3␣-GFP. H, DIV21 hippocampal neurons were treated with 5 M ionomycin for 30 min, with 2 M thapsigargin for 45 min, or with 90 mM KCl (3 min plus 30 min in conditioned medium) to induce an increase in intracellular Ca 2ϩ levels. Cells were fixed and immunostained for GSK-3␣ as described under "Experimental Procedures." Maximum projections of confocal z-stacks are presented. Quantitation of GSK-3␣ fluorescence in the nucleus is shown in the right panel and presents mean of three independent experiments ϮS.E. (error bars). ␤-catenin (as expected), treatment with calcium did not augment this effect (Fig. 6D) . Taken together, our data showed that GSK-3␣ has a specific role in regulating nuclear ␤-catenin in response to calcium.
DISCUSSION
In this work, we identified distinct molecular and cellular characteristics of GSK-3 isozymes. We showed that, in contrast to GSK-3␤, which partitions between the cytoplasm and nucleus in a steady state, GSK-3␣ is apparently excluded from the nucleus. Yet, GSK-3␣ accumulated in the nucleus via activation of the calcium/calpain pathway or upon serum starvation. We showed that the N-terminal domain of GSK-3␣, which differs substantially from that of GSK-3␤, is responsible for GSK-3␣ nuclear exclusion. Accumulation of GSK-3␣ in the nucleus is mediated via GSK-3␣ binding with a calpain-sensitive product via its N-terminal region. Finally, we showed that nuclear localization of GSK-3␣ results in destabilization of nuclear ␤-catenin.
Analysis of the amino acid sequence of GSK-3␣ did not reveal any known nuclear import or export sequences. Moreover, expression of the N-terminal region (1-63 amino acids) alone did not result in any specific localization, suggesting that this domain does not contain cellular targeting sequences. GSK-3␣-GFP did accumulate in the nucleus when cells were treated with leptomycin B (Fig. 2) , and competition with overexpressed GSK-3␣ indicated that the protein is not anchored in the cytoplasm ( Fig. 1 and Fig. 5, A and D) . Our results favored the interpretation that the N-terminal region is responsible for the nuclear exclusion of GSK-3␣.
How precisely GSK-3␣ accumulates in the nucleus in response to calcium is not fully known at this point. The simplest explanation is a direct calpain-mediated N-terminal truncation of GSK-3␣ resulting in nuclear accumulation of GSK-3␣; this is supported by our result that tagged and nontagged ⌬N-GSK-3␣ was nuclear (Fig. 2) . However, further experiments showed that this mechanism is unlikely. We did not detect GSK-3␣ fragmentation after calcium treatment using different GFP-tagged GSK-3␣ constructs or after treatment with the proteasome inhibitor MG132 (Fig. 4F) . The fact that intact GFP-GSK-3␣ was found in the nucleus after calcium treatment provided strong evidence that N-terminal truncation is not involved (Fig. 4C, Fig. 4E ). Our observation that calpain does not induce cleavage of GSK-3␣ is consistent with previous reports showing that GSK-3␣ (compared with GSK-3␤) is a poor calpain substrate (23) and that GSK-3␣ truncation is not detected in NMDA-treated neurons (56) . We propose an alternative mechanism in which GSK-3␣ nuclear exclusion mediated by its N-terminal is disturbed by calpain action. Following calpain activation, GSK-3␣ binds with a calpain-sensitive protein or proteins enabling GSK-3␣ nuclear accumulation (Fig.  5A ). This binding is mediated through the N-terminal region (Fig. 5A ) and presumably masks the nuclear exclusion influence FIGURE 6 . Nuclear localization of GSK-3␣ destabilizes nuclear ␤-catenin. A, COS-7 cells were transfected with ⌬N-GSK-3␣-GFP plasmid. Cells were fractionated into nuclear and cytosolic fractions, and nuclear proteins were separated by gel electrophoresis and immunoblotted with anti-␤-catenin, ABC, and anti-cyclin D1 antibodies. Densitometry analysis of respected bands is presented as -fold of calcium treated that was designated as 1. Shown is the mean of three independent experiments ϮS.E. (error bars). *, p Ͻ 0.01. B, COS-7 cells were transfected with GSK-3␣-GFP plasmid. Cells were treated with calcium (2 mM, 1 h). ␤-Catenin and cyclin D1 were analyzed as described in A. Densitometry analysis of respected bands is shown in the right panel and as described in A. *, p Ͻ 0.01. C, shown are cytoplasmic levels of ␤-catenin from experiments described in B. D, COS-7 cells were transfected with GSK-3␤-GFP plasmid. Cells were fractionated into nuclear and cytosolic fractions, and nuclear proteins were separated by gel electrophoresis and immunoblotted with anti-␤-catenin antibody as described. Densitometry analysis of respected bands is shown in the right panel and as described. NT, nontransfected; ABC, anti-dephospho-␤catenin.
of the N-terminal domain. Future studies will uncover the identity of the protein partner(s) that interact with GSK-3␣ following calcium/calpain activation and whether complex formation occurs in the cytoplasm or nucleus.
Previous work showed that nuclear localization of GSK-3␤ could be manipulated by alterations in cell cycle progression, apoptosis, Wnt signaling, and nuclear export by FRAT (57) (58) (59) (60) (61) . One study identified an arginine motif within the catalytic domain of GSK-3␤ that functioned as a nuclear localization signal (62) . Interestingly, deletion of the N-terminal region of GSK-3␤ reduced its accumulation in the nucleus (62) . Hence, it is most likely that the mechanisms regulating GSK-3␣ nuclear accumulation differ from those that govern the nuclear localization of GSK-3␤ reported in the previous study.
Our bioinformatics analyses indicated that the role of the N-terminal region of GSK-3␣ has emerged in the course of evolution and that the isoform has acquired specific functions in mammals. We showed that features that specify cytoplasmic retention of the protein are not present in zebrafish GSK-3␣, a protein that differs in its N-terminal amino acid composition from mammalian GSK-3␣ proteins (43) (Fig. 3) . Hence, a major difference between GSK-3␣ and GSK-3␤ is the signaling-dependent localization of GSK-3␣ in the nucleus. The role played by the two isoforms once in the nucleus may be similar or distinct. In this work we show that GSK-3␣ regulates ␤-catenin expression in the nucleus after calcium treatment of cells. Thus, although GSK-3␣ and GSK-3␤ are functionally redundant in regulating cytoplasmic ␤-catenin (20) , their abilities to affect ␤-catenin levels in the nucleus are significantly different.
The tightly regulated cellular distribution of GSK-3␣ may provide a unique means of controlling the specificity, timing, and strength of the calcium signal. In this respect, it is interesting to note that a rise in calcium influx has been implicated in synapse-to-nucleus communication regulating neuronal development, plasticity, and survival (63, 64) . This communication has been shown to be mediated by nuclear import of cytosolic proteins such as CREB, Jacob neuroprotein, NF-ATc, NFB, and Abelson interacting protein-1 (abi-1), which activate certain gene expression programs (65) (66) (67) (68) (69) (70) . Proteases, in particular calpain, play important roles in these cellular activities (66, 71) . GSK-3␣ may thus link cytoplasmic calcium/calpain signaling with nuclear events. The example demonstrated here linked calcium signal with GSK-3␣-mediated destabilization of the nuclear pool of ␤-catenin, thus evoking inhibition of the Wnt signaling pathway (Fig. 6 ). This suggested a new paradigm in which calcium signaling is linked with the canonical Wnt/␤-catenin via GSK-3␣. This hypothesis is further supported by recent work that has revealed network connections in Wnt signaling pathways (72) . It is interesting to note that malactivation of the calcium/calpain signal has been implicated in pathological conditions associated with cell damage, cell death, and neurological disorders, including Alzheimer disease (25) (26) (27) 73) . It is tempting to speculate that abnormal accumulation of GSK-3␣ in the nucleus mediates, at least in part, these pathological disorders through inhibition of expression of nuclear ␤-catenin, as demonstrate with our nuclear-localized construct ⌬N-GSK-3␣ (Fig. 6A) . In summary, we provide novel insights into the role of the N-terminal region of GSK-3. We further uncovered a novel link between calcium/calpain signaling and GSK-3␣-mediated inhibition of the canonical Wnt/␤-catenin pathway.
